It is known that P 4 , white phosphorus, has excellent properties as a trap for carboncentered radicals in solution and under the mild conditions that are typical for organic synthesis. The most prominent example of this was the demonstration that phosphonic acids may be prepared from corresponding carboxylic acids by way of O-acyl derivatives of N-hydroxy-2-thiopyridone (Barton PTOC esters). 1 The latter provide carbon centered radicals in an oxygen-initiated chain reaction, and these are consumed upon combination with P 4 as the critical P-C bond-forming event; upon oxidative workup, any remaining P-P bonds are cleaved and the phosphonic acid RP(O)(OH) 2 is the end product. 2 It is also known that P-P bonds other than those in P 4 may serve as traps for For our part, we have previously shown that the three-coordinate titanium(III) complex Ti(N[ t Bu]Ar) 3 (Ar = 3,5-C 6 H 3 Me 2 ), 1, is a potent halogen-atom abstractor, capable of abstracting X· (X = Cl, Br, or I) from various donor molecules at room temperature or below, in aprotic organic media (Figure 1) . With the present work, we sought to develop
: Ti(N[ t Bu]Ar) 3 together with various P 4 -derived phosphanes and polyphosphorus products. R = t Bu; X = Cl, Br, I; R = Ph, Mes, Cy, Ph 3 Sn; Mes = 2,4,6-Me 3 C 6 H 2 ; Dmp = 2,6-Mes 2 C 6 H 3 .
Such a vision for phosphine synthesis via homolytic substitution at a phosphorus center has also been developed by Vaillard et al., who employed Me 3 MPPh 2 (M = Si or Sn) as the phosphorus substrate and RX as the carbon-radical source, together with a radical initiator, to produce RP(O)Ph 2 efficiently after an oxidative workup. 4 For our part, we have previously shown that the three-coordinate titanium(III) complex Ti(N[ t Bu]Ar) 3 (Ar = 3,5-C 6 H 3 Me 2 ), 1, is a potent halogen-atom abstractor, capable of abstracting X· (X = Cl, Br, or I) from various donor molecules at room temperature or below, in aprotic organic media (Figure 1 ). With the present work, we sought to develop a high-yield synthesis of phosphines PR 3 from 3 RX and 0.25 P 4 , using Ti(N[ t Bu]Ar) 3 as a halogen atom sink (see idealized Equation 1) . Success in this arena would demonstrate that it is possible to synthesize valuable tertiary phosphanes PR 3 through direct functionalization and complete consumption of P 4 by a radical mechanism.
(1)
In the course of a prior study of radical cleavage of symmetrical 1,4-dicarbonyl compounds by Ti(N[ t Bu]Ar) 3 , the propensity was examined of Ti(N[ t Bu]Ar) 3 to abstract X· from halobenzenes. 5 3 , while exhibiting no propensity for trapping the 7-norbornadienyl radical which was seen to interact selectively with the molybdenum complex. 8 In addition, typical one-electron reducing agents that might be used for effecting X· abstraction, e.g. CoCl(PPh 3 ) 3 , SmI 2 , or Cp 2 TiCl, simply give no reaction with a substrate such as PhBr. 9, 10 In a first reaction targeted at generating PPh 3 , it was found that addition of (Ph-3, 29% of the P-containing product, Table 1 ). P 2 Ph 4 is one of the four possible stable intermediates en route to complete P 4 degredation by P 4 to give PPh 3 and is present in this stoichiometric treatment because the trapping of the highly reactive phenyl radicals is not completely efficient in this system. 11 In order to convert the full equivalent of P 4 to PPh 3 , 5 equiv of PhBr and Ti(N[ t Bu]Ar) 3 are used, giving 95% conversion and an isolated yield of 72% (Table 1) . We could also selectively target P 2 Ph 4 by treatment of 0.25 equiv of 0.04 M P 4 in benzene with 2 equiv of 1 followed by 2 equiv of PhBr, which gives P 2 Ph 4 in 80% yield with small amounts of PPh 3 and P 4 Ph 4 being observed as well. Evidence for the intermediacy of P 2 Ph 4 along the reaction pathway was provided by the use of P 2 Ph 4 itself as a starting material for PPh 3 synthesis. 10 It was found that PhI can be used in place of PhBr with similar results, however PhCl does not lead to any PPh 3 or P 2 Ph 4 formation as Ti(N[ t Bu]Ar) 3 reacts very slowly with PhCl under these conditions. 5 This synthesis of phosphines from P 4 and a burst of radicals was found not to be Figure 1) . 12, 13 The P(SiMe 3 ) 3 produced here is easily separated from the reaction coproducts by vacuum transfer from the crude reaction mixture in 86% yield, while the highly crystalline P(SnPh 3 ) 3 can be isolated in 75%
yield.
The ability of P 4 to act as a radical trap in combination with the work of Sato and coworkers on the radical phosphination of aryl halides suggests that P−P bonds, generally, may be competent radical traps. 3 This was found to be the case using our radical method, opening up the potential for the synthesis of asymmetric phosphines. Based on our hypothesis that the radical-degradation of the P 4 tetrahedron occurs in a stepwise manner, we thought that it might be possible to target intermediate structures by tuning the steric properties of the RX substrate. It was found that treatment of 0.25 equiv of 0.04 M P 4 in benzene with 1.5 equiv 1, followed by 1.5 equiv of MesBr gives P 3 Mes 3 , 5, as the major product and small amounts of P 2 Mes 4 (Mes-3). [17] [18] [19] P 3 Mes 3 could be isolated from the reaction mixture in 61% yield. Increasing the steric pressure further, we found that treatment of 0.25 equiv of 0.04 M P 4 with 1.5 equiv of 1 and 1.5 equiv of DmpI (Dmp = 2,6-Mes 2 C 6 H 3 ) gives cis,trans-DmpP 4 Dmp, 6, as the exclusive product and isolated in 78% yield. 10, 20 This latter reaction represents a facile approach for the synthesis of novel substituted tetraphosphabicyclobutane molecules directly from P 4 in a single step. Many of the previously reported syntheses of stable tetraphosphabicyclobutanes involve coupling of two substituted diphosphanes, 21 or activation of P 4 by some highly designed substrate. 20, [22] [23] [24] Our synthesis is unique in that a large number of sterically hindered aryl or alkyl halides could be employed in a general synthesis.
In terms of recycling the titanium byproducts from these syntheses, it is worth noting that X-1 (X = I, Br, Cl) are cleanly reduced back to Ti(N[ t Bu]Ar) 3 by reduction with Na/Hg amalgam. 25, 26 This ability to easily recycle the titanium-byproducts generates a closed cycle for the synthesis of trisubtituted phosphines from P 4 . One might begin to contemplate a catalytic cycle using this system, however, the reduction of XTi(N[ t Bu]Ar) 3 is slow and P 4 is itself suseptible to reduction to Na 3 P by Na/Hg amalgam under such conditions. As such, other halogen atom abstractors are currently being screened as potential entry points into the catalytic generation of trisubstituted phosphines from P 4 by this radical trapping method. 10 The present day synthesis of organophosphorus compounds is a multistep process in which P 4 is first chlorinated to generate PCl 3 . 27 PCl 3 is then functionalized via salt elimination reactions with appropriate Grignard or organolithium reagents, or with the organohalide and a harsh reducing agent. 27 For example, the industrial method for triphenylphosphine preparation is based on the high temperature reaction of chlorobenzene with phosphorus trichloride in the presence of molten sodium. 28 Manufacturers of organophosphorus compounds have recognized that the direct functionalization of white phosphorus is one of the major challenges in this field. 28, 29 New studies are needed to work out alternative direct routes to organophosphorus compounds avoiding chlorination of white phosphorus. Strides have been made with regard to the electrosynthesis of trisubstituted phosphines directly from P 4 , 30 but facile solution methods are lacking. It is our hope that this work will inspire a renewed interest in the use of P−P bonds as efficient radical traps and will eventually lead to a robust catalytic system for the synthesis of organophosphorus compounds directly from white phopshorus.
Meanwhile, the syntheses reported herein represent novel methodologies for the direct functionalization of P 4 and will themselves be the subject of further investigation. 
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